Application of Ultrasonic Phased Arrays to Inspection of Plastic Pressure Vessels by Lorraine, P. W. et al.
APPLICATION OF ULTRASONIC PHASED ARRAYS TO INSPECTION 
OF PLASTIC PRESSURE VESSELS 
P. W. Lorraine, W. T. Hatfield, and C. A. Nafis 
GE Corporate Research and Development 
P.O. Box 8 
Schenectady, NY 1230 
INTRODUCTION 
Ultrasonic phased arrays are attractive for NDE applications [1] as they offer the 
ability to rapidly inspect a part without extensive mechanical translation. In addition, the 
ability to discretely produce or sample a sound field provides greater generality in data 
manipulation than is possible with a single fixed focus transducer. Successful implemen-
tation requires careful consideration of how to couple sound from the transducer to the 
part and selection of an appropriate reconstruction algorithm to compensate for refrac-
tion arising from sound velocity changes. Previously, the high cost for the specialized 
transducer and data acquisition system have precluded general use of this technology in 
the NDE community. The observation that many manufactured plastics possess acoustic 
properties similar to those of the human body has lead us to investigate the direct appli-
cation of relatively inexpensive medical phased array technology to these materials. 
In response to a question from the GE Answer Line (l-800-GE-CARES), we have 
successfully employed a phased array system to examine the bond line of a friction weld 
in a plastic pressure vessel. Cross-sectional slices (B-scan) can be displayed in real time 
for rapid qualitative visual inspection, stored to disk, or processed to generate maximum 
intensity projections (C-scans), or three dimensional representation of the flaw. In this 
work we will present these results as well as a comparison with a single element fixed 
focus transducer. Our results suggest that medical phased array ultrasound technology 
nas practical application to plastic inspection problems. 
BACKGROUND 
Nature of the Problem 
The specific problem that we will discuss in this paper came to us through the 
novel route of the GE Answer Line. While the origin of this problem may be unusual, 
it embodies the familiar NDE requirement that the cost of failure exceeds the cost of in-
spection. 
A manufacturer of residential water purification systems produces pressure vessels 
out of a thermoplastic glass-filled Nylon. The vessel, shown in Fig. 1, is manufactured 
in two halves which are joined together by thrusting the two rapidly counter-rotating 
components together to form a friction weld. For reference, the wall thickness of the 
non-overlapped region is -7 mm. Unfortunately, the friction welding process is not re-
liable enough to assume freedom from defects. Failures in consumers' houses are unac-
ceptable and would lead to rapid loss of market share. The welds are presently inspected 
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Plastic Pressure Vessel Continuous Disbond Friction Weld 
Figure 1. Plastic pressure vessel showing expanded view of friction weld region. 
Table 1. Comparison of Glass-Filled Nylon with Human Tissue 
Material Sound Velocity Density Impedance Attenuation 
kmIs gm/cc MRayl dB/cm/MHz 
Human Tissue 1,45 - 1.55 1.0 1,45 - 1.55 0.5-0.7 
Glass-Filled Nylon 2.1 1.2 2.5 5.7 
with an ultrasonic thickness gauge where changes in the measured thickness are inter-
preted as variations in weld quality. This type of inspection has several significant fail-
ings: (1) it is very slow, (2) it is not clear what is really measured, and (3) it may miss 
potentially "defective" vessels. In light of these difficulties and an inability to improve 
the welding process, the manufacturer contacted GE. The question referred to CRD was 
"can ultrasonic phased array technology be applied to the inspection of plastic compo-
nents?" 
Ultrasonic phased array imaging has enjoyed far greater success and acceptance in 
medicine than in NDE. The reasons for this are varied and include the inestimable value 
of human life. A less obvious reason is that the inspection of human tissue, while chal-
lenging, has tighter bounds than the NDE problem. As can be seen from Table 1, the 
range of velocities and densities of human tissue are fairly narrowly confined. Medical 
technology can be optimized for these values and be applied to a host of problems and 
a large market. As a result, medical phased array technology is relatively inexpensive. 
The similarity of the acoustic parameters for glass-filled nylon to human tissue lead us to 
investigate the direct application of medical technology to the inspection of plastic com-
ponents. 
Phased Array Imaging 
Let us briefly recap the basis of phased array imaging. Consider a homogenous, 
isotropic medium with sound speed CL containing a sound source 0 located at coordi-
nates x, y. A segmented detector consisting of n elements located at coordinates Xl, YI ... 
X n , Yn is used to measure the sound field. The sound source emits a pulse at time to = 0 
which arrives at the detector elements at times: 
V(Xi - x)2 + (Yi - y)2 
ti = . 
CL 
An image of the sound source 0 may be formed by delaying the signals from each de-
tector element so that they may be summed coherently. This set of delays is given by 
1'; = t re! - ti, 
where t re! is chosen for convenience. This set of delays provides a coherent sum only 
for a sound source at x, Y and not for any other position. Appropriate delays are calcu-
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Figure 2. Implementation of ultrasonic phased array imaging. 
lated to listen to all points in space and the reverse procedure may be used to broadcast 
sound in a given direction. 
Most medical phased arrays are I-D and can dynamically steer and focus in only 
one plane. The sound beam is usually confined in the transverse (or elevation) plane by 
:l fixed focus lens which tends to have a smaller aperture than the array width. As a con-
sequence of this, resolution is the elevation plane is optimal only near the focus of the 
fixed lens. In this respect, a I-D phased array mimics the performance of a conventional 
fixed focus lens in one direction. A volume may be imaged by translating the array. In 
the past, the beam forming delay-and-sum operation has been carried out in the analog 
domain with RF delay lines. Recently, new machines which employ AID's behind ev-
ery element and process in the digital domain have been introduced [1]. This latter class 
provides greater flexibility and permits more sophisticated algorithms. 
Other data reconstruction algorithms are possible, including SAFf and its varia-
tions [2]. In addition, the quality of the image is limited by how well the assumptions 
describe the inspected material. If heterogeneity is present and known, as in a part con-
sisting of several materials, a more sophisticated model may be used to calculate delays 
to restore focus. More complicated algorithms, including adaptive focusing, time-reversal 
[3], and computed tomography may be applied given an adequate data set. 
Regulatory agencies limit the ultrasound intensity produced by medical imagers. As 
a consequence, medical phased array transducers are designed for maximum sensitivity 
by using matching layers and a low impedance backing. Most commercial probes have a 
-6 dB round trip fractional bandwidth of 50-70%. An NDE transducer, designed without 
matching layers but with a matched backing, may obtain a bandwidth of > 100% at a cost 
of up to 30 dB of sensitivity. This bandwidth tradeoff degrades the spatial resolution 
somewhat in the medical case. In addition, the steady increase in channel count provides 
an impetus for moving towards full 2D arrays. 
RESULTS 
Ultrasonic Microscope 
An excised sample of the pressure vessel containing the weld region and a sus-
pected flaw identified with the thickness gauge was examined with the CAUM ultrasonic 
microscope, a fixed focus device with precision scanning and electronics. The excised 
sample measured ~7.5 cm on a side. As the part is a section of a cylinder, there is a 
small variation in the angle of incidence of the sound beam as the transducer scans. The 
sample was examined with a 0.25" diameter 20 MHz probe with a 1" focus centered 
on the weld line. Timing gates for the C-scan images were timed from the front surface 
echo, centered about the weld line, and chosen to not include the front or back surface 
echo. A 2 cm square area was scanned with a step and index size of 20 11m. 
Figure 3(a) shows a C-scan through the part. The dominant feature here is the con-
tinuous disbond, the area of overlap for the two halves that does not weld. This fea-
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Figure 3. Ultrasonic microscope Cscans. (a) scan region, (b) expanded and rescaled region. 
ture is not a "defect" and runs about the circumference of the vessel. The variation in 
the angle of incidence (obliquity effect) as the transducer scans appears as an intensity 
variation across the continuous disbond. An expanded and rescaled image of a part of 
Fig. 3(a) is shown in Fig. 3(b), revealing two defects in the weld line. This image is our 
"gold standard" for comparison with phased array images. 
Digital Phased Array System 
Our initial phased array experiments were conducted on the ADDM 128. The ADDM 
128 is the research prototype of the LOGIQ 700 [5], a high-end medical ultrasound im-
ager that GE manufactures. It features a 128 channel digital architecture that provides 
control over the beamforming algorithm to compensate for different sound velocities and 
geometries as well as access to the raw data, which may be off-loaded for storage and 
further processing. 
Our experimental setup is shown in Fig. 4(a). The sample used in the ultrasonic mi-
croscope experiment was placed in the water tank and was oriented with respect to the 
transducer as shown in Fig. 4(b). Bscans (cross-sectional images) were generated by the 
ADDM 128 using an algorithm designed for human tissue that assumes a sound velocity 
of ~ 1.5 mm! p,s. Experiments on this machine were performed with a 128 channel phased 
array, which produces a pie-shaped image by steering the beam ±45°. Amplitude images 
were displayed on the ADDM monitor and off-loaded to an analysis computer. 20 im-
ages were obtained across the part by translating the probe perpendicular to the Bscan 
plane. 
Experimental results are shown in Figures 5 and 6. Figure 5(a) shows an ampli-
tude Bscan as output by the ADDM 128. The front surface of the part is clearly visible, 
as are hints of the weld line and the continuous disbond. The difficulty with this image 
is the lack of dynamic range that can be displayed. Substantial attenuation from inser-
tion loss and dissipation significantly diminish the amplitude of the echoes returned from 
deep within the part. Most commercial medical ultrasound imagers approach this prob-
lem by displaying a log-amplitude image. Figure 5(b) shows such an image, which, in 
addition to bringing up the noise, shows more detail inside the part. 
The stack of Bscans is a volumetric data set. Cscans may be obtained from this 
data by selecting appropriate bounding planes. Cscans have been produced from our 
Bscan set and are shown in Fig. 6 along with the ultrasonic microscope Cscan. The 
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Figure 4. Digital phased array system. (a) equipment overview, (b) scanning geometry. 
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Figure 5. Bscans of sample. (a) amplitude image, (b) log amplitude. 
Figure 6. Cscans of sample. (a) UT microscope, (b) amplitude, (c) log amplitude 
Cscans are very "blocky" as we have acquired only 20 Bscans across the part; this is 
not an artifact of the fixed focus lens in the elevation direction. Flaws are visible in all 
three images. The varying angle of incidence of the sound beam as the part is scan ap-
pears as a brightening of the images near the center. 
Cscans in Fig. 6(b)(c) were produced from both the amplitude and the log-amplitude 
Bscan images. An estimate of the SNR for the flaw signal in these two images may be 
obtained by plotting the Cscan amplitude lines that pass through the flaw and estimating 
the noise from the background level. This yields an SNR for the flaw of 26 dB for the 
amplitude image and 8 dB for the log-amplitude image. This is readily understood as the 
log-amplitude image compresses the dynamic range. Although it is clear that detectabil-
ity will be improved if amplitude images are processed, sufficient SNR is retained in the 
log-amplitude images to identify flaws. This observation provides encouragement that 
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direct application of a commercial medical system, which provides log-amplitude data, 
may be used here. 
Commercial Phased Array System - GE RT3200 
A second set of experiments was conducted using a commercial GE RT3200 Ad-
vantage imager. The apparatus used is shown schematically in Fig. 7. The RT3200 Ad-
vantage is targeted towards the OB-GYN market and provides a composite video output. 
The apparatus used features improved fixturing that rotates the vessel under the trans-
ducer to retain normal incidence. The video output of the RT3200 is captured by a com-
puter which also controls the position of the vessel. In this case, a 7 MHz 192 element 
linear array was used. In the medical vernacular, a "linear" array uses a subset of the 
192 elements to form a beam which is fired straight ahead. This subset is swept across 
the array to form a rectangular image with little or no steering. 
Video images located in the area of interest where collected into a 3-D array. Bscans, 
as shown in Fig. 8(a), and incremental Cscans were displayed in real time while the sur-
face of the flaw was extracted from the volumetric data using the dividing cubes algo-
rithm [4]. Dividing cubes uses an image intensity threshold to identify those points that 
lie on the iso-intensity surface. Appropriate bounds on this operation and selection of 
the threshold value permitted extraction of a volumetric representation of the interior of 
the part, as shown in Fig. 8(b). The continuous disbond is clearly visible in this image 
as a broad plateau. A flaw appears as a volume extending from the continuous disbond 
through to the interior of the vessel. The flaw appears clearly in the Bscans, Cscans, and 
the volumetric model, all of which can be displayed in real time as the part is scanned. 
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Figure 7. GE RT3200 imaging system with computer capture of composite video. 
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Figure 8. Vessel weld region. (a) RT3200 Bscan, (b) volumetric representation. 
SUMMARY 
Ultrasonic phased array imaging has been used to rapidly examine manufactured 
plastic parts. The similarity of the acoustic properties of many plastics to that of human 
tissue can permit direct use of medical technology, as was shown with the RT3200. By 
capturing the video output of this system, we were able to display Bscans, Cscans, and 
volumetric models of the part in real time using readily available equipment. 
Significant SNR advantages can be gained by using a digital phased array system, 
as was shown with the ADDM 128. The most significant advantage that the new digi-
tal systems offer is their inherent flexibility. More complicated problems which violate 
our initial assumptions may be addressed with more sophisticated data manipulation and 
reconstruction algorithms. 
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